Background: Although it is well known that olfactory receptor neurons differentiated from stem cells have an unusual lifelong ability to continue neurogenesis, effective treatment of patients with sensorineural olfactory loss is still lacking. The purpose of this study was to determine whether intranasal prolactin (PRL) is an effective inducer of proliferation in the olfactory epithelium (OE).
T he treatment of patients with sensorineural olfactory loss is challenging, and choice of therapy tends to be empiric. [1] [2] [3] [4] [5] [6] It has been reported that prolactin (PRL) stimulates proliferation of neuronal progenitors in the forebrain of female mice during pregnancy. 7 We are interested in what occurs in the olfactory epithelium (OE) during pregnancy and whether PRL can be used to treat sensory neural olfactory loss. Because intranasal topical medications can be easily administered as therapy, PRL was instilled intranasally in adult mice and proliferation in the OE was evaluated by immunohistochemical staining. To observe the proliferating cells in the OE, anti-bromodeoxyuridine (BrdU) antibodies were used, because BrdU can be introduced into the proliferating cells that incorporate BrdU into DNA during the S phase before cell division. 8
MATERIALS AND METHODS

Administration of PRL and Tissue Preparation
Experiments were performed on 6-week-old BALB/c mice and age-matched pregnant mice on gestation day (GD) 7. PRL (R&D Systems, Inc., Minneapolis, MN) was dropped into each nostril (5 g/day) 9 of 6-week-old nonmated virgin mice (five male and five female mice) for 6 consecutive days. A previous study had shown that the proliferation at the forebrain during pregnancy reached a peak at GD 7 and subcutaneous infusion of PRL for 6 days had a similar result as that seen in GD 7 mice. 7 An equal volume of sterile physiological phosphatebuffered saline (PBS; pH 7.2) was instilled in control mice (five male and five female mice). Fluorescein isothiocyanate isomer (1 mg/mL; Dojindo Lab., Kumamoto, Japan) was also instilled in another mouse in the same way and investigated under fluorescence illumination to ensure that the drops reached every part of the OE (Fig. 1 ). On the 7th day, each mouse was decapitated to obtain specimens, which were decalcified for 14 days in 10% ethylenediamine-tetraacetic acid. The fixed tissue samples were embedded in paraffin and consecutive coronal sections (4-m thick) of the nasal area were prepared. Specimens from age-matched GD 7 mice (n ϭ 5) were also prepared in the same way. The embryos were used for other experiments. Each mouse was given a single i.p. injection of BrdU (100 mg/kg body weight; Sigma, St Louis, MO) 1 hour before death.
Immunohistochemical Staining
The sections were deparaffinized and rehydrated. Endogenous peroxidase was blocked by incubation for 30 minutes in 0.3% H 2 O 2 in methanol. After microwave treatment and blocking of nonspecific binding sites by incubation in 10% normal rabbit serum for 10 minutes, the sections were incubated overnight at 4°C in anti-BrdU monoclonal IgG (Abcam, Inc., Cambridge, MA). Immunohistochemical staining was performed by incubation with the corresponding biotinylated secondary antibody and then with avidin-bHRP (avidin-horseradish peroxidase) conjugate (Elite ABC Kit; Vector Laboratories, Burlingame, CA). The immunoreactive antibody-antigen complexes were visualized with 3, 3Ј-diaminobenzidine (DAB; Sigma-Aldrich-Japan, Shinagawa, Tokyo, Japan) and the nucleus was stained with Maeyer's hematoxylin.
Statistical Analysis
For measurement, sections were selected at the level where the nasal septum meets the hard palate (at the septal window). 9 In each section, the extent of the OE was measured using the image analysis program Image-J (a public domain Java image processing program provided by NIH) and the total number of BrdU-labeled cells was counted using a light microscope. Then, the number of BrdU-labeled cells per millimeter length of OE was calculated for each group and between-group values were statistically compared. We used the statistical software package SPSS (Version 15.0; SPSS Inc., Chicago, IL) for these analyses. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
The number of BrdU-labeled cells was significantly larger for female mice treated with PRL (4.5 Ϯ 0.6/mm) than for controls (2.8 Ϯ 0.8/mm; p ϭ 0.005, Student's t-test; Fig. 2 ) and significantly larger for GD 7 pregnant mice (4.6 Ϯ 1.2/mm) than for controls (p ϭ 0.02, Student's t-test). There was no significant difference in this value between male mice treated with PRL (2.5 Ϯ 1.0/mm) and controls (2.1 Ϯ 0.7/mm; p ϭ 0.5, Student's t-test) or between nonpregnant female mice treated with PRL and GD 7 pregnant mice (p ϭ 0.9, Student's t-test).
DISCUSSION
Although globose basal cells (GBCs) continue to divide and new neurons continue to develop even in advanced age, 10 average ability of the human to identify odors declines monotonically with aging. 11 The anatomic and physiological bases for the age-related changes in smell ability are probably multiple, interacting, and complex, 11 and a decline in olfactory function with aging could be seen both in male and in female mice. Especially in postmenopausal women, there is a gradual decrease in ability to detect odors, which might be partly caused by the lack of hormone. 12 Because olfactory sensitivity fluctuates even across the phases of the human menstrual cycle, 13 potential influence of some female hormones on hu-man olfactory sensitivity could be suspected. 14 Although some studies mainly based on a questionnaire survey for pregnant women have found evidence for hyperosmia or increased responsiveness particularly early in pregnancy, [15] [16] [17] [18] those that had measured olfactory function have not indicated heightened olfactory function in pregnancy. 19, 20 However, even in the literature suggesting that the effect of pregnancy on olfactory function is small, it has been reported that some odors are identified better by pregnant women in their first trimester. 19, 20 Shingo et al. 7 have reported that pregnancy stimulates the production of neuronal progenitors in the forebrain of female mice followed by an increase of olfactory bulb neurons, and the effect of PRL infused into nonpregnant adult mice mimics pregnancy-induced neurogenesis. We hypothesized that PRL also stimulates proliferation in the OE and can be effective for the treatment of some patients with sensorineural olfactory loss because degeneration of the OE is mainly a consequence of accumulated environmental insults that overwhelm the regenerative capacity of the OE. 10 GBCs produce progenitors that give rise to olfactory receptor neurons (ORNs) and are responsible for continuous cell renewal. 21, 22 It was recently reported that horizontal basal cells (HBCs) can give rise to all types of cells including GBCs or ORNs in the adult OE, 23 although the increase of ORNs was mainly caused by GBCs undergoing more cell divisions. 23, 24 Leung et al. 24 have postulated that HBCs serve as the reservoir that replenishes GBC progenitors, only in the case where severe damage occurs in the OE. That might be the reason HBCs are negative for anti-BrdU antibody during normal neuronal turnover. 8 We assumed that the BrdU ϩ cells detected in the present study are GBCs, although not all the proliferating cells were BrdU ϩ .
We observed that the number of BrdU-labeled cells in the OE significantly increased in GD 7 mice and PRL-treated nonpregnant female mice, but not in male mice. This finding may be consistent with the notion that olfaction may contribute to maternal and embryo protection by being most sensitive at the early pregnancy stage, 17 although the increase of mitotic activity of the OE may not have any qualitative effect on olfaction. Infusion of PRL or PRL-releasing peptide into the lateral ventricles has also been shown to increase proliferation in the forebrain subventricular zone in male mice, albeit to a lesser extent than in female mice. 7 It may serve to explain the difference in the response to PRL between male and female mice to observe the distribution of PRL receptor in the OE and olfactory bulb. 25 These data suggest that intranasal uptake of PRL may increase mitotic activity of the OE in female mice, at least temporarily, and therefore PRL may be a potential treatment for anosmia in women. 
